The objective of this study was to develop and validate an expanded multiplex PCR assay for the simultaneous detection of eight plasmid-mediated quinolone-resistance determinants in Enterobacteriaceae. Primers were designed to amplify conserved fragments of qnrABCDS, qepA, oqxAB and aac(69)-Ib-cr genes and were optimized in uniplex and multiplex PCR assays with control template DNA. The assay was used to determine the prevalence of plasmid-mediated quinolone resistance (PMQR) genes in 174 ciprofloxacin-resistant and 43 ciprofloxacinsusceptible extraintestinal pathogenic Escherichia coli isolates. Each resistance gene could be detected alone and in combination. PMQR determinants were detected in 65 ciprofloxacinresistant isolates (37 %) and one ciprofloxacin-susceptible isolate (2 %). Prevalences of the identified determinants were: aac(69)-Ib-cr, 34.5 %; qnrS, 1.1 %; qepA, 1.1 %; and oqxAB, 0.6 %. In conclusion, we developed an eight-target multiplex PCR for the accurate detection of PMQR genes and confirmed that PMQR prevalence remains low among human Escherichia coli clinical isolates in the UK.
INTRODUCTION
Resistance to fluoroquinolones in Enterobacteriaceae is most commonly mediated by mutations in the DNA gyrase and topoisomerase IV genes, gyrA and parC, which are responsible for binding fluoroquinolones during DNA replication (Pan et al., 1996) . Plasmid-mediated quinolone resistance (PMQR) genes are alternative mediators of quinolone resistance or reduced susceptibility that encode DNA gyrase protection proteins (qnrA, B, C, D and S), efflux pumps (oqxAB and qepA) and a variant of a common aminoglycoside-modifying enzyme [aac(69)-Ib-cr]. These proteins reduce the susceptibility of Enterobacteriaceae to quinolones, while oqxAB and aac(69)-Ib-cr also reduce susceptibility to chloramphenicol and aminoglycosides, respectively (Strahilevitz et al., 2009 ).
In some geographical regions, including Argentina, the USA and Southeast Asia, PMQR determinants have been reported at high prevalence in both human and animal isolates and are often associated with the expression of extended-spectrum b-lactamases (ESBLs) (Andres et al., 2013; Deepak et al., 2009; Liu et al., 2013; Park et al., 2006; Shaheen et al., 2013; Zhang et al., 2012) . By contrast, most PMQR determinants have been rarely found in the UK, with only a few reports of qnrA, qnrB and qnrS genes in Enterobacteriaceae isolated from humans and cattle with infections (Corkill et al., 2005; Hopkins et al., 2007; Kirchner et al., 2011; Younes et al., 2011) . The aac(69)-Ib-cr allele is more common, however, and is often found on IncFII plasmids in conjunction with the gene encoding the cefotaxime (CTX)-M-15 ESBL (Amin & Wareham, 2009 genes by developing a single multiplex assay for the simultaneous detection of all eight genes. We used the assay to assess the prevalence of these genes in a collection of extraintestinal pathogenic Escherichia coli isolates obtained from individuals in the UK with bloodstream and urinary tract infections.
METHODS
PMQR control DNA. DNA templates for the qnrA, qnrB, qnrS, qepA and oqxAB genes were extracted from clinical isolates known to contain these genes (Table 1) . For qnrC, qnrD and aac(69)-Ib-cr, Escherichia coli TOP10 transformants transformed with plasmids containing the full coding sequences (TOPO TA Cloning kit, Invitrogen) were used. The qnrC gene was amplified from a pHS12 vector kindly donated by Minggui Wang (Wang et al., 2009) , the qnrD gene was synthesized by GeneArt (Invitrogen) and the aac(69)-Ib-cr gene was PCR-amplified from a clinical Escherichia coli isolate cloned into a pBAD vector (Invitrogen).
PMQR multiplex PCR assay. PCR was performed using the Qiagen Multiplex PCR kit for amplification and resolution of all targets. PMQR primers used in this multiplex PCR are listed in Table 2 . Thermocycling conditions were as follows: initial denaturation at 95 uC for 15 min; 30 cycles of 94 uC for 30 s, optimized annealing temperature for 90 s and 72 uC for 90 s; followed by a final extension at 72 uC for 10 min. A temperature gradient was performed to find the optimal annealing temperature of 63 uC. PCR products were resolved by gel electrophoresis (2 %, w/v) at 130 V for 2 h (Fig. 1) . All positive PCRs were repeated twice.
PMQR control isolates. A collection of Enterobacteriaceae previously reported as harbouring PMQR were obtained from the Salmonella Reference Unit (Public Health England), the Blizard Institute (Queen Mary, University of London) and Mr Richard Aschbacher (Laboratory of Microbiology and Virology, health district of Bolzano, Italy) and were used to validate the PMQR multiplex PCR assay. The Enterobacteriaceae consisted of one Citrobacter freundii (qnrB32), four Enterobacter cloacae [one qnrA1, one qnrS1, one qnrB1 plus aac(69)-Ib-cr and one qnrA1 plus qnrB1 plus aac(69)-Ib-cr], 22 Escherichia coli [11 aac(69)-Ib-cr, five qepA, one qnrS1, one qnrS1 plus aac(69)-Ib-cr and four PMQR-negative isolates], 17 Klebsiella pneumoniae [10 oqxAB, four oqxAB plus aac(69)-Ib-cr, two qnrS1 and one qnrB1 plus qnrS1], 13 Salmonella species (three qnrA1, one qnrB1, one qnrB2, one qnrB7, two qnrB19, four qnrS1 and one qnrS2) and one Raoultella terrigena isolate (oqxAB).
Escherichia coli clinical isolates. Sequential Escherichia coli isolates (n5556) were collected from urine specimens and blood cultures at an NHS trust in east London, comprising the local collection. Sequential Escherichia coli bacteraemia isolates (n5521) were also collected from 38 microbiology laboratories around the UK and the Republic of Ireland, as part of the British Society for Antimicrobial Chemotherapy (BSAC) 2011 bacteraemia Resistance Surveillance Programme, comprising a total of 1077 Escherichia coli isolates (Reynolds et al., 2008) . Ciprofloxacin resistance was previously determined by the BSAC agar dilution method (Andrews, 2001 ). All ciprofloxacin-resistant (n5174) and 43 randomly selected ciprofloxacin-susceptible isolates causing urinary tract infection (n570) or bacteraemia (n5147) were screened for PMQR determinants using the multiplex PCR assay. A total of 51 isolates were known to express an ESBL enzyme, as previously determined by PCR (one CTX-M-1, four CTX-M-14, 43 CTX-M-15 and three CTX-M-27) (Dallenne et al., 2010; Woodford, 2010) .
Variant analysis. All qnrA, qnrB and qnrS variants held in the GenBank database (http://www.ncbi.nlm.nih.gov/genbank/ accessed 30 July 2013) were aligned using CLUSTAL Omega (http://www.ebi. ac.uk/Tools/msa/clustalo/ accessed 30 July 2013) and compared with their respective primer sets (Table 2) to determine primer coverage.
RESULTS

PMQR assay validation
The PMQR multiplex PCR was able to amplify each of the PMQR targets both alone and in combination from control DNA (Fig. 1) . When used directly on the PMQR control panel, gene profiles matched with those previously reported for 97 % of profiles (56/58), including variants qnrA1, qnrB1, qnrB2, qnrB7, qnrB19, qnrS1 and qnrS2. Additional genes not sought in the original analysis were also found, including four aac(69)-Ib-cr genes in Salmonella, Klebsiella and Raoultella species and one oqxAB gene in a K. pneumoniae isolate. The two isolates that were not matched include one Enterobacter cloacae with qnrA, qnrB1 and aac(69)-Ib-cr (qnrA was not detected with the new multiplex PCR) and K. pneumoniae with aac(69)-Ib-cr (oqxAB was also detected with the new multiplex PCR). Because of the frequent occurrence of oqxAB in Klebsiella species (Rodríguez-Martínez et al., 2013; Yuan et al., 2012) , the latter result as determined with the new multiplex PCR is considered the true result. Repeat testing of the Enterobacter cloacae isolate generated the same results. Based on the interpretation of the K. pneumoniae isolate, the new multiplex PCR result for Enterobacter cloacae is also considered the true result. Excluding these two isolates, validation of the assay revealed a sensitivity of 97 % and specificity of 100 %.
Escherichia coli clinical isolates
The aac(69)-Ib-cr allele was the most common PMQR determinant detected in the local and BSAC Escherichia coli collections (n561/1077). These isolates were mostly from episodes of bacteraemia (n550) and were detected in 37/50
isolates (74 %) expressing an ESBL. Low positivity of qnrS1 (n52), oqxAB (n51) and qepA (n52) determinants was also found in urinary isolates, however, qepA was also detected in a blood culture isolate. All but one of the isolates that were positive for a PMQR determinant were resistant to ciprofloxacin; one isolate, encoding aac(69)-Ibcr, was fully susceptible (MIC ¡0.125 mg l
21
). Only one PMQR determinant was detected per positive isolate. The qnrA, qnrB, qnrC and qnrD determinants were not detected.
Variant analysis
The number of qnr variants is expanding, with more than 50 new qnrB variants discovered since Jacoby et al. (2008) defined qnr nomenclature (http://www.lahey.org/qnrStudies/ accessed 30 July 2013). Therefore, we sought to analyse the DNA sequences for all qnrA, qnrB and qnrS variants to determine the coverage of our PMQR primers.
Sequence alignment revealed either no or up to four mismatches between the primer and the qnr gene sequence. Primers matched the DNA sequence exactly for 2/7 qnrA, 23/69 qnrB and 5/6 qnrS variants. Of note, two isolates expressed qnrB19, which had two mismatches between the primer and the qnrB gene sequence. Although three mismatches or more may lead to primer binding failure or preferential bias for one variant over another, these primers should still be able to amplify the target (Pang et al., 2011; Sipos et al., 2007) . Taking into account all qnr variants with zero to two mismatches, 6/7 (86 %) qnrA, 54/ 69 (78 %) qnrB and 6/6 (100 %) qnrS variants could be amplified in silico. 
DISCUSSION
The new multiplex PCR assay was able to detect all eight PMQR genes individually and in multiple combinations. The described assay also detected additional genes that were not previously sought, highlighting the benefit of screening isolates with this expanded multiplex PCR. Of the two isolates that were not in agreement with previously reported results, oqxAB was detected in addition to aac(69)-Ib-cr in a K. pneumoniae isolate, suggesting the previous results were inaccurate as oqxAB is found in the majority of K. pneumoniae isolates, where it is located chromosomally (Rodríguez-Martínez et al., 2013; Yuan et al., 2012) .
The PMQR determinants qnrA, qnrB and qnrS are reported to have seven, 72 (69/72 entered into GenBank) and six variants, respectively (http://www.lahey.org/qnrStudies/ accessed 30 July 2013). The qnrS primers designed by Cattoir et al. (2007) matched 5/6 qnrS variants (all except S5) perfectly. Although the qnrA and qnrB primers designed as part of this study only matched 2/7 qnrA variants (A1 and A6) and 23/69 qnrB variants, allowing for two or fewer mismatches should ensure PCR amplification (Pang et al., 2011; Sipos et al., 2007) of 6/7 qnrA (86 %), 54/69 qnrB (78 %) and 6/6 qnrS (100 %) variants. Despite a large amount of variation within the qnr genes, only one qnrA variant (A1), five qnrB variants (B1, B2, B4, B10 and B19) and one qnrS variant (S1) are frequently found in Enterobacteriaceae worldwide (Andres et al., 2013; Veldman et al., 2011; Younes et al., 2011) . Sequence analysis revealed that qnrB4, qnrB10 and qnrB19 differed by only 3, 2 and 2 nt from the qnrB oligonucleotide sequences used in this study, while the qnrA1, qnrB1, qnrB2 and qnrS1 alleles matched our primers exactly. The diversity in qnr coding sequences highlights the importance of regularly reassessing published primer sequences (Doumith et al., 2012) . To maintain adequate primer coverage, mutations in the critical region of the primer binding region (39 terminus) can be addressed by incorporating degenerate bases into the synthesis of the oligos used for amplification ( Table 2 ).
The prevalence of aac(69)-Ib-cr in our study is in agreement with previous studies reporting high rates of the aac(69) allele and its association with ESBLs, particularly CTX-M-15 (Amin & Wareham, 2009; Deepak et al., 2009; Gibreel et al., 2011; Park et al., 2006) . The majority of Escherichia coli strains positive for aac(69)-Ib-cr were isolated from patients with bacteraemia (34 % of all bacteraemia isolates versus 16 % of urinary isolates) and often co-expressed an ESBL (55 %).
The remaining PMQR determinants are rarely detected in Escherichia coli in the UK, as confirmed by the low detection rates of qnrS (1.1 %), qepA (1.1 %) and oqxAB (0.6 %) in our study (Corkill et al., 2005) . Previous studies have reported that PMQR genes are more common in Klebsiella species in the UK than in E. coli, but that they are most frequent in Escherichia coli in East Asia. Many studies have chosen not to seek all eight PMQR determinants because of their low prevalence. Our multiplex PCR would allow simple and rapid monitoring of PMQR frequency in Enterobacteriaceae (Amin & Wareham, 2009; Andres et al., 2013; Deepak et al., 2009; Liu et al., 2013; Shaheen et al., 2013) .
In summary, we have developed a sensitive and specific multiplex PCR for the simultaneous detection of all known PMQR determinants. This study demonstrated a high prevalence of aac(69)-Ib-cr with concomitant ESBL expression, as well as a low prevalence of all other PMQR determinants, in clinical isolates. Screening for PMQR determinants using our eight-target multiplex PCR enables rapid target detection in a single PCR and could prove useful in surveillance studies assessing the dissemination of quinolone resistance in humans, animals, foodstuffs and the environment.
